The superradiant instability can lead to the generation of extremely dense axion clouds around rotating black holes. We show that, despite the long lifetime of the QCD axion with respect to spontaneous decay into photon pairs, stimulated decay becomes significant above a minimum axion density and leads to extremely bright lasers. The lasing threshold can be attained for axion masses µ 10 −8 eV, which implies superradiant instabilities around spinning primordial black holes with mass 0.01M⊙. Although the latter are expected to be non-rotating at formation, a population of spinning black holes may result from subsequent mergers. We further show that lasing can be quenched by Schwinger pair production, which produces a critical electron-positron plasma within the axion cloud. Lasing can nevertheless restart once annihilation lowers the plasma density sufficiently, resulting in multiple laser bursts that repeat until the black hole spins down sufficiently to quench the superradiant instability. In particular, axions with a mass ∼ 10 −5 eV and primordial black holes with mass ∼ 10 24 kg, which may account for all the dark matter in the Universe, lead to millisecond-bursts in the GHz radio-frequency range, with peak luminosities ∼ 10 42 erg/s, suggesting a possible link to the observed fast radio bursts.
It is well-known that a spinning black hole (BH) suffers from the superradiant instability, where light bosonic particles are copiously produced in quasi-bound states around the BH, by extracting its rotational energy [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . This process has attracted a lot of interest as an astrophysical probe of beyond the Standard Model particles, in particular axions [13, 14] , as well as higher-spin particles [15] [16] [17] [18] [19] [20] . All studies have so far neglected the decay of the particles produced by superradiant instabilities, given the long lifetimes expected for light bosons. In particular, the QCD axion [21] [22] [23] , φ, decays into two photons through the interaction [24] [25] [26] [27] :
where α is the fine structure constant, F µν is the Maxwell tensor andF µν its dual. For an axion with mass µ, its decay constant is F φ ≃ 6 × 10 11 10 −5 eV/µ GeV and K ∼ O(1−10) is a model-dependent factor (see e.g. [28] ). This yields an axion lifetime:
which exceeds the age of the Universe for µ few eV. The QCD axion is, in fact, a prime dark matter candidate for 10 −12 eV µ 10 −2 eV [29] where its present abundance is set by coherent oscillations [30] [31] [32] or the decay of topological defects (see e.g. [33] ).
However, one must take into account that stimulated decay can become significant in dense environments as the superradiant axion clouds. Stimulated decay has, in fact, been shown to lead to lasing in dense axion clusters when the latter's diameter exceeds the photon's mean free path before it stimulates axion decay [34, 35] . In this Letter, we show, for the first time, that lasing can be triggered in superradiant axion clouds around spinning BHs above a threshold number density set by the axion and BH's properties. Such a threshold can be attained only for spinning sub-stellar mass BHs that result from mergers of non-spinning primordial BHs. This can lead to one of the brightest sources in the cosmos, which we denote as Black hole Lasers powered by Axion SuperradianT instabilities (BLASTs).
We start by reviewing the superradiant instability for massive scalar fields. In Kerr spacetime, the KleinGordon equation ∇ µ ∇ µ − µ 2 φ = 0 admits quasibound state solutions, characterized by integer quantum numbers (n, l, m) and localized in the BH's vicinity. In the non-relativistic regime, which is the most relevant to our discussion, one finds a Hydrogen-like spectrum of the form (see e.g. [12] ):
yielding a "gravitational atom" where the dimensionless mass coupling is given by:
where M BH is the BH's mass. These quasi-bound states have complex frequencies ω = ω R + iω I , with the sign of the imaginary part determining whether the scalar field grows or decays exponentially as e ωI t . The superradiant instability corresponds to the former case and occurs whenever ω R < mΩ BH , where Ω BH is the horizon's angular velocity. This instability is powered by the BH's rotational energy, which is extracted by the scalar field and leads to a growing axion cloud around the BH. The fastest growing mode is the "2p" state (n = 2, l = m = 1 [36] ), for which the occupation number grows at a rate:
for α µ ≪ 1, whereã = cJ BH /GM 2 BH is the BH's dimensionless spin parameter (0 <ã < 1).
The 2p-axion cloud has an approximately toroidal shape, as shown in Fig. 1 , with radii r = 5r 0 and ∆r = √ 5r 0 , where the "Bohr radius" is given by: For comparison, the event horizon is located at:
where f (ã) = 1 + √ 1 −ã 2 , so that in the non-relativistic regime the axion cloud is localized far away from the horizon and we may neglect curvature effects in studying axion decay. Note that the axion's r.m.s.velocity,
Let us now analyze the dynamics of axion decay within the superradiant cloud. In the axion's rest frame, the two photons must have the same helicity by angular momentum conservation, and we can take this as a first approximation in the non-relativistic regime. The variation of the photon number density for a given helicity λ = ± due to axion decays and inverse decays is given by the Boltzmann equation [35] :
where f i denote the phase space densities of each species,
is the matrix element corresponding to the interaction in Eq. (1) and the phase space integration is given by the usual Lorentz-invariant measure including the axion and photon momenta. To integrate this equation, we take the axion and photon phase space distributions as approximately homogeneous and isotropic within the 2p-cloud, vanishing outside the latter. The maximum axion momentum is then p max ≃ µβc, β ≡ α µ /2 ≪ 1, corresponding to the typical axion momentum within the cloud, and consequently photon momenta are limited by µc(1 ± β)/2. Although the geometry of the problem is slightly more intricate, this is sufficiently good for the order of magnitude estimates we are mostly interested in. Note that the 2p-state grows exponentially faster than all others, which may be discarded. This yields for the total photon number density:
where
is the spontaneous axion decay width. In this equation, the first terms within the square brackets correspond to spontaneous and stimulated decay, the latter proportional to n φ n γ , while the last terms, proportional to n 2 γ , correspond to inverse decays (annihilation). The term proportional to β corresponds to annihilation into a low-energy "active" axion, which may remain in the cloud, while the term proportional to the factor 3/2 corresponds to the production of "sterile" axions with large velocities, which escape from the system [35] . To obtain the full evolution of the system, we must also take into account the superradiant axion source and that photons escape the cloud at a rate:
which is essentially the inverse of the cloud's lightcrossing time. This generically yields Γ φ ≪ Γ s ≪ Γ e . Thus, we obtain the following system of coupled differential equations for the evolution of the number of axions and photons within the cloud:
In Fig. 2 we show a numerical solution for a representative choice of parameters. As clear in this figure, the number of axions starts growing exponentially, N φ ∼ e Γst , due to the superradiant instability. Their spontaneous decay then yields an exponentially growing photon number N γ ≃ (2Γ φ /Γ e )N φ , until N γ ∼ A −1 and stimulated decay becomes significant. This occurs when N φ ≃ N c φ = Γ e /(2AΓ φ ), which corresponds to a stable critical point. Once stimulated decay takes over and lasing begins, the number of photons rises sharply and then exhibits damped oscillations about the equilibrium In (b) we show the evolution of the average photon luminosity after the onset of lasing, with the inset plot zooming into the first laser pulse (solid red curve) and its approximate analytical description (dashed red curve).
value N c γ = Γ s /(AΓ φ ). These oscillations, which effectively constitute "laser pulses", are the result of stimulated axion decay and photon escape dominating alternately, and their damping is due to photon annihilation. Note that, apart from the particular toroidal geometry of the problem and the fact that lasing occurs in multiple directions within the axion cloud, these laser pulses are otherwise very similar to conventional lasers, peaking at a frequency corresponding to half the axion's mass.
At the onset of lasing, we may neglect annihilation and take X = |N φ /N good approximation to the numerical solution, as clear in Fig. 2(b) , despite a slight overestimation of the luminosity L = Γ e µc 2 N γ /2 due to some uncertainty in Y 0 . We may then estimate the peak luminosity, total energy and duration (FWHM) of the first laser pulses or "bursts", which are approximately given by: (12) where ξ = log (Γ s /Γ φ ) ≃ 107 − 4 log µ/10 −5 eV + 8 log (α µ /0.03) + log ã/K 2 . Note that the peak luminosity exceeds the equilibrium value by ξ ∼ O(100).
We thus find that BLASTs can have extremely large peak luminosities, even for α µ ≪ 1 and moderate BH spins. In fact, the brightest BLASTs will generically exceed the BH's Eddington luminosity, L Edd ≃ 10 38 (M/M ⊙ ) erg/s, so that any interstellar plasma surrounding the BH should be blown away by the radiation pressure. However, the intense electromagnetic field of the laser may be close to the Schwinger limit for e + e − pair production [37, 38] . Although for a single plane wave laser beam Schwinger pair production does not occur since F µν F µν = F µνF µν = 0, lasing occurs in multiple intersecting directions within the axion cloud and these invariants should be non-trivial (see e.g. [39] ). The electric field created by the BLAST within the cloud is approximately given by [40] :
where E c ≃ 1.3 × 10
18 Vm −1 is the critical Schwinger field. Since pair production may be significant just below this critical value, we expect the brightest BLASTs to generate a dense e + e − plasma within the cloud. This plasma may then quickly reach the critical density for photon propagation, n c ∼ 10 12 (µ/10 −5 eV) 2 cm −3 , at which point the photon plasma mass blocks axion decay and lasing stops. Lasing may thus end after a single laser pulse and at least the brightest BLASTs should thus correspond to short radiation bursts with extremely high luminosities, yielding true "black hole bombs" [41] .
After lasing stops the non-relativistic plasma is confined by the BH, but its density eventually decreases due to e + e − annihilations, with a lifetime τ ann ≃ 4 n e /10 12 cm −3 −1 hours for direct annihilation, which can be reduced by positronium formation for low temperatures, and possibly other environmental effects [42] . Lasing may then restart once the plasma becomes subcritical, leading to repeating laser bursts.
Since lasing requires a threshold axion number N c φ , we must require that the threshold cloud's mass and spin are smaller than the corresponding BH parameters, or otherwise the superradiant instability may shut down before lasing commences. The strongest constraint is on the spin of the critical axion cloud, J 
. (14) Since α µ 0.5 for superradiant modes, lasing can only occur for axions with µ 10 −8 eV and consequently BHs with M BH 10 −2 M ⊙ . Non-linear axion self-interactions may also prevent the cloud from reaching the lasing threshold, since they mix superradiant and non-superradiant states. This results in the BH partially absorbing the cloud in a "bosenova" collapse, which keeps the axion field φ F φ [13, 14, 43] . 
so that for K ∼ 1 lasing can only occur in the nonrelativistic regime, as anticipated [45] (although K ∼ O(10) in some axion models [28] ). We thus find that BLASTs cannot occur for BHs resulting from stellar collapse, being nevertheless possible for primordial BHs (PBHs) [46] [47] [48] [49] [50] [51] that may have formed in the early Universe as the result of large density fluctuations in, e.g., some inflationary scenarios [52] [53] [54] [55] [56] [57] [58] , curvaton models [59] [60] [61] or cosmological phase transitions [62] . PBHs may last until the present day for M BH 10 12 kg and significantly contribute to the dark matter abundance in the (10 −10 − 10 −4 )M ⊙ mass range [63] [64] [65] [66] [67] [68] . PBHs are born with no spin, since they result from the collapse of overdensities in an isotropic gas [69] , and are unlikely to spin up due to accretion, which occurs in a nearly spherical configuration for sub-stellar masses [70] . They may, however, merge into BHs with larger mass and spin, triggering superradiant instabilities, with e.g. the merger of two non-spinning BHs of similar masses yielding a final spinã f ≃ 0.7 [71] . If PBHs are mostly clustered in high dark matter density regions, the expected rate at which PBHs are captured in binary systems that subsequently merge is given by [72] :
where f DM is the dark matter fraction in PBHs of the relevant mass and δ loc is the local density enhancement due to clustering [73] . The latter may reach values ∼ 10 9 − 10 10 in globular clusters and in dark matterdominated ultra-faint dwarf galaxies. We may thus expect up to a few new BLASTs to be triggered across the observable Universe every year for f DM 0.1.
A particularly interesting case is that of a QCD axion with µ ≃ 10 −5 eV, which may be the dominant dark matter component. For K ∼ 1, lasing may occur for PBHs with M BH ∼ (2 − 8) × 10 23 kg (α µ ≃ 0.01 − 0.03) according to Eqs. (14) , (15) and the superradiance condition. PBHs in this mass range could account for up to 12−24% of dark matter according to microlensing surveys [74] , and generate BLASTs in the GHz range with peak luminosity L B ∼ 10 39 − 10 42 erg/s and pulse duration τ B ∼ 1 − 100 ms.
On the one hand, the less luminous BLASTs, associated with the lighter BHs, are below the Schwinger limit. They may then reach the equilibrium configuration and yield continuous laser sources lasting for O(1−100) years until the BH's rotational "fuel" is exhausted. The brightest BLASTs, on the other hand, should yield multiple millisecond bursts with peak luminosities ∼ 10 42 erg/s, thus exhibiting tantalizing similarities with the several fast radio bursts (FRBs) observed in recent years [75] [76] [77] , in particular FRB 121102 has been shown to repeat and is localized within a faint dwarf galaxy [78] [79] [80] . (See [81] and [82, 83] for alternative FRB models involving BH superradiance or axion miniclusters, respectively. For further discussion of FRBs see [84] and references therein.)
A rigorous comparison between BLASTs and FRBs requires a more detailed analysis, taking into account geometrical and curved spacetime effects that we have neglected for simplicity. In particular, lasing should occur mostly in the equatorial plane, where photons can travel larger distances within the cloud and stimulate more axion decays. This could prevent the observation of some bursts along our line of sight, depending on the BH's spin axis and trajectory, and possibly explain why some FRBs do not repeat. Large enhancements in the local plasma density or temperature, which induce a significant photon mass, may also temporarily block lasing.
Scattering of laser photons by the BH may also produce interesting, albeit sub-leading, effects. In particular, by angular momentum conservation one of the photons from each axion decay co-rotates with the black hole and satisfies the superradiance condition ω R < mΩ BH , while the other is in a non-superradiant state. This may slightly decrease the laser luminosity and, more interestingly, modify its polarization through the spin-helicity effect (see e.g. [85, 86] ). A more detailed analysis of laser-plasma interactions and Schwinger pair production is also required, since these could potentially induce both spectral and temporal distortions of the bursts and influence their repetition pattern. Axion-photon conversion in a magnetic field could also, in principle, modify the BLAST dynamics, but plays a negligible role for the small ambient magnetic fields ∼ µG estimated for dark matter-dominated regions such as faint dwarf galaxies. Nevertheless, if dark matter is mostly made up of 10
eV axions, their conversion into photons in the magnetic field of our galaxy could be detected by the Square Kilo-meter Array (SKA) [87] .
Our estimates nevertheless clearly suggest a possible link between the brightest GHz BLASTs and FRBs. For the brightest BLASTs, each BH may generate up to ∼ 10 8 bursts before the superradiant instability shuts down, if energy loss through sterile axions and gravitational waves can be neglected, remaining active for up to ∼ 10 4 years. This yields up to ∼ 10 5 FRBs per day across the whole sky. In addition, one may expect a companion population of continuous laser sources at the same frequency but with lower luminosities, associated with the lighter primordial BHs in the mass range given above. These should be less numerous than repeating BLASTs due to their considerably shorter lifetime.
Potential signatures of the BLAST nature of FRBs could be associated with e + e − annihilation and/or positronium afterglows, or gravitational wave bursts from bosenova collapse in between bursts (noting that the axion number grows while lasing is blocked), to be explored in future work. A clear prediction is the existence of an axion with a mass ∼ 10 −5 eV and coupling parameter K ∼ 1. There are already ongoing experiments searching for axion dark matter in this mass range, including ADMX [88] , X3 [89] and CULTASK [90] , and planned experiments such as MADMAX [91] and ORPHEUS [92] . These will be complemented with searches in different mass ranges (e.g. CASPEr [93] , ABRACADABRA [94] , QUAX [95] ), fifth force experiments such as ARIADNE [96] and helioscopes such as IAXO [97] . We note that the occurrence of BLASTs is independent of the QCD axion accounting for dark matter and, as such, can also be probed with e.g. light-shining-through-a-wall experiments such as OSQAR [98] and ALPS II [99] .
FRB detections should also increase dramatically in the coming years, with the advent of telescopes such as CHIME [100] , Apertif [101] and particularly the SKA [102] . This will lead to a much better FRB characterization and localization, helping to determine whether BLASTs can account for at least a fraction of these bright radio transients. We note that several less exotic FRB progenitors have been proposed in the literature, including merging or collapsing compact objects, or energetic young pulsars and magnetars (see e.g. [103] ). We also hope that our results motivate future microlensing surveys to further constrain the PBH abundance in the 10 −7 − 10 −6 M ⊙ mass range required for GHz BLASTs, possibly with DECam or LSST along the lines proposed in [104] for intermediate mass BHs. We emphasize that BLASTs require rather exotic spinning PBHs, which may result from mergers within the original population, since merging Schwarzschild BHs invariably lead to Kerr BHs.
We note that similar lasing events may be induced by other bosonic particles decaying into photons, potentially providing additional signatures for new physics. From the model building perspective, our work also motivates investigating inflationary scenarios leading to mixed PBH-axion dark matter (see e.g. [105] ). In future, we also plan to explore whether the cosmic radio background photons may stimulate axion decay in superradiant clouds and thus help to trigger BLASTs. Finally, it may prove fruitful for more detailed calculations to study BLASTs directly in terms of the coupled axion and Maxwell field equations in the Kerr spacetime.
In conclusion, we have shown that, in conjunction, two of the "darkest" dark matter candidates, axions and (spinning) PBHs, may lead to some of the brightest sources in the Universe.
